Abstract: Dysphagia has a huge impact on the quality of life. Especially, the ability to elevate larynx and hyoid in order to guarantee airway protection is decreased in dysphagia during swallowing. In this contribution, EMG and Bioimpedance (BI) measurements at the neck are used for triggering functional electrical stimulation (FES) of the submental muscles at the transition from the oral phase to the pharyngeal phase of swallowing. It was demonstrated on a first patient that airway closure and elevating speed are improved using swallowing-triggered FES.
Introduction
An important part of therapeutic measures aims at improving airway protection in patients who are prone to aspirating during swallowing. Methods applied are conservative measures (e.g. dietary adaptation of food consistencies, muscle strengthening), compensatory measures (e.g. posture changes during swallowing) and sensory measures in which stimulation (cold stimuli, electrical stimulation, etc.) is used to improve sensitivity of the swallowing reflex. An additional method, by which a sensory feedback and a strengthening of the muscles could be obtained, is surface stimulation of swallowing related muscles. If the stimulation is applied in phase with the voluntary swallowing, improved airway protection may be achieved due to improved hyoid and larynx elevation. Surface stimulation was firstly introduced in the study by Freed et al. [1] in which a fixed swallowing-independent electrical stimulation pattern was applied to patients 60 min per day. In the following years, a lot of studies, which used such swallowing-independent stimulation pattern, have been carried out with contradicting results. Leelaminit et al. [2] were stimulating the thyrohyoid muscle with surface electrodes synchronized to EMG from the posterior tongue in patients with reduced laryngeal elevation. The study showed promising results, however, the patients had to be treated for 4 h per day and submental EMG, which is only an unspecific indicator for the pharyngeal phase, was used to trigger the stimulation. In our previous work [3] , we have shown that swallows can automatically be detected using EMG and Bioimpedance (BI) measurements at the neck. This offline approach is converted in this work to an online detection method which is able to detect swallowing at the very beginning and is able to trigger FES for supporting swallowing.
Methods
The stimulation is triggered by the combination of a detected EMG activity at the submental and subrahyodial musculature and a swallowing related drop in the BI signal. The electrodes of the current source were placed on both sides of the onset of the sternocleidomastoid. The voltage measurement electrodes were placed laterally between the hyoid bone and the thyroid cartilage [4] . The measuring system PHYSIOSENSE has been used for measuring BI and EMG [3] . For electrical stimulation of the submental muscles, the RehaStim device (HASOMED GmbH, Germany) is used with one channel, by which the electrodes are placed on the left and right side of the digastric muscle above the hyoid bone [5] . Periods of muscle activation are detected by using a modified double-threshold detector which is able to detect EMG activity online with a fixed delay defined by the window length and the size of the onset-offset smoother. The modified double-threshold detector consists of a sliding window noise variance estimator that continuously calculates the variance 2 in the signal. The window length is 0:25 s (i.e. 1000 samples at 4 kHz sampling rate), which was chosen assuming that the rest period between muscle contractions is longer than the window length. In such rest periods without EMG activity, the sliding window will contain only noise. Thus, the noise variance 2 n is estimated by taking the all-time smallest value of 2 . The second sliding window of length m = 60 samples is updated every second sample. The muscle is considered active if r 0 = 8 values within the sliding window are above the threshold . The threshold is recalculated whenever the noise variance changes, according to [6] dependent on the estimated noise variance 2 n . Onset-offset-onset and Offset-onset-offset transitions which are shorter than 15 ms (120 samples) are rejected. This results in a delay of 15 ms for the online EMG activity detection. In order to detect changes in the BI signal which are caused by swallowing, a piecewise linear approximation method (PLA) [7] is applied to the BI signal. For approximation, a modified sliding window algorithm is used. According to [7] , the starting point of an approximating line is set to the first data point in the window. The line is then extended until the error between the line and the signal reaches the threshold maxE or the difference between the last and first value exceeds maxD. The stimulation of the submental muscle is activated when 
Results
In a first case study on a single patient, 13 swallows were recorded and the measured BI signal was compared to the normative values of healthy people in Tab. 1. Using the same measurement system, it was shown in [4] that BI correlates to the movement of hyoid and larynx and therefore correlates with airway closure. The patient was fed with thickened liquid while the stimulation triggering was switched off. After the patient had prepared the bolus and was ready to swallow, the stimulation triggering was activated. The stimulation support was then automatically activated as soon as EMG activity was present and the BI began to decrease until the BI was rising again. In Fig. 1 , a swallow with stimulation support is compared to swallow without stimulation. The bipolar stimulation pattern with doublets (inter-pulse-interval of 5 ms) was set to a pulse width of 200s and a stimulation frequency of 20 Hz. Round hydro-gel stimulation electrodes (; 32 mm, KRAUTH+TIMMERMANN GmbH, Germany) were used. 
Discussion
In a case study with one patient it has been shown, that the presented system is able to detect the beginning of a voluntary swallow early enough in order to stimulate the submental musculature for achieving a positive effect regarding elevation and acceleration of hyoid and larynx. The patient easily adapted to the stimulation system. The BI signals indicated that airway closure and closure speed were increased using FES. These preliminary results have to be confirmed on a larger patient population in comparison to videofluoroscopy. A possible carryover effect, by which swallowing in patients may also be improved without stimulation should be examined in a long-term study.
